Recombinant unmethylated heterogeneous nuclear ribonucleoprotein particle (hnRNP) protein Al was enzymically methylated by nuclear protein/histone protein methylase I [Rajpurohit, Lee, Park, Paik and Kim (1994) 
INTRODUCTION
Shortly after biosynthesis, heterogeneous RNAs in eukaryotes combine with a set of proteins to form an RNA-protein complex particle known as the heterogeneous ribonucleoprotein particle (hnRNP). This structure is known to serve as the platform to form mRNA after a series of reactions involving splicing, packaging and transport to cytoplasm (Dreyfuss, 1986; Choi et al., 1986; Sierakowska et al., 1986) . Several structurally related proteins (Al, A2, Bl, B2, Cl and C2) are associated with the particle, protein Al being the major core protein (Beyer et al., 1977; Karn et al., 1977) . Protein Al is a basic protein with molecular mass of 34 kDa, consisting of 320 amino acid residues Kumar et al., 1986; Cobianchi et al., 1986) Characteristics of protein Al are to bind single-stranded (ss) RNA and ssDNA, to stimulate a DNA polymerase in vitro Riva et al., 1986) , and to contain posttranslationally formed NG-dimethylarginine residues (Karn et al., 1977; Kumar et al., 1986) .
The protein Al contains two distinct domains: N-terminal (residues 1-196) and glycine-rich C-terminal regions (residues 197-320) (Kumar et al., 1986; Cobianchi et al., 1986) . These domain fragments can easily be generated in vitro by limited trypsin digestion (Kumar et al., 1990) or in vivo by endogenous protease Williams et al., 1985) . In fact, the primary amino acid sequence of helix-unwinding protein 1 (UPI) (Williams et al., 1985) isolated from calf thymus or mouse myeloma is nearly identical to the N-terminal fragment of protein Al and contains NG,NG-dimethylarginine (asymmetric) at residue 194. Cobianchi et al. (1988) have overexpressed protein Al in Escherichia coli carrying rat protein Al cDNA coding sequences, and further purified the recombinant protein Al.
They have shown that this recombinant form has no Nspectively. Maximum fluorescence quenching of protein Al in the presence of coliphage MS2-RNA was found to be 40 % with methylated and 45 % with unmethylated. When both species of protein Al were subjected to controlled trypsin digestion, ti of the methylated protein was 1.31 min and the unmethylated, 1.63 min. The difference in their tL values was much greater in the presence of MS2-RNA; 2.4 min for the former and 4.3 min for the latter, indicating that the methylated species was less stabilized by the RNA than the unmethylated. All of the above results consistently suggested that the binding-property of hnRNP protein Al to single-stranded nucleic acid was significantly reduced subsequent to its arginine-methylation. The biological significance of this observation is discussed. methylarginine in its primary amino acid sequence but possesses cooperative binding properties to ss nucleic acids.
Specific protein-arginine methylation is catalysedv by a group of enzymes called protein methylase I (S-adenosyl-L-methionine: protein-L-arginine N-methyltransferase, EC 2.1.1.23) with S-adenosyl-L-methionine (AdoMet) as the methyl donor (Paik and Kim, 1980; Kim et al., 1990) . Specificity ofprotein methylase I is not only limited to arginine residues of substrate proteins, but to those on the total protein molecule. Thus, myelin basic proteinspecific and nuclear protein/histone-specific enzymes have been purified from calf brain, and their differential molecular properties, substrate protein affinities and immunological identities have been characterized (Ghosh et al., 1988) . Furthermore, cytochrome c-specific protein methylase I has also been identified from Euglena gracilis (Farooqui et al., 1985) .
Recent studies from this laboratory have shown that the purified nuclear protein/histone protein methylase I can methylate the recombinant protein Al and the methylation sites for this enzymically [methyl-3H]-labelled protein Al have been identified to be residue-194 arginine of the N-terminal domain in addition to undetermined site(s) at the C-terminal domain (Rajpurohit et al., 1994) . Availability of recombinant protein Al in its unmethylated and methylated forms provided us with an opportunity to study some of their properties and sensitivities toward trypsin and to compare any significant change(s) brought about by the posttranslational arginine methyl-modification on hnRNP protein Al.
MATERIALS AND METHODS Materials
S-Adenosyl-L-[methyl-3H]methionine (specific activity, 78.5 Ci/mmol) was purchased from New England Nuclear, Boston, Abbreviations used: hnRNP, heterogeneous ribonucleoprotein particle; UP1, helix-unwinding protein 1; AdoMet, S-adenosyl-L-methionine: ss, single-stranded; PMSF, phenylmethanesulphonyl fluoride; TPCK, 1-tosylamido-2-phenethyl chloromethyl ketone.
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MA, U.S.A. Carrier ampholytes (pH ranges 7-9 and 8-10) were obtained from Bio-Rad. Phenylmethanesulphonyl fluoride (PMSF), ssDNA-cellulose, AdoMet, pepstatin A and DNA (calf thymus) were all from Sigma Chemical Co. Coliphage MS2-RNA was purchased from Boehringer-Mannheim and 1-tosylamido-2-phenethyl chloromethyl ketone (TPCK)-treated trypsin was from Cooper Biochemicals. All other chemicals were of the reagent grade available from various commercial sources.
Isolation of hnRNP protein Al Recombinant protein Al, overexpressed in the E. coli harbouring the expression vector plasmid pEXl1 carrying the protein Al coding sequence, was grown as described previously (Cobianchi et al., 1988 ). The protein Al was then isolated and purified by a DEAE-cellulose and an ssDNA/cellulose column, which were connected in tandem essentially as described (Cobianchi et al., 1988; Rajpurohit et al., 1994) .
was washed with buffer A containing 0.3 M NaCl and further with two column volumes of buffer A containing 0.5 M NaCl. Then, a gradient consisting of 25 ml of buffer A/0.5 M NaCl in the first chamber and 25 ml of buffer A/0.8 M NaCl in the second was applied. Fractions of 1 ml were collected, A280 was measured and an aliquot from each fraction was counted for radioactivity. The fractions containing protein Al were pooled separately into four different groups as described in the legend of Figure 1 and a 50 ,tl aliquot ofeach was subjected to SDS/PAGE.
SDS/PAGE
SDS/PAGE was carried out according to the method of Laemmli (1970) with 15 % acrylamide for the running gel and 3 % for the stacking gel in the presence of 0.1 0% SDS. The gel was stained with Coomassie Blue-R250 to visualize protein bands. In order to develop autofluorography, the stained gel was treated with Purification of protein methylase I Nuclear protein/histone-protein methylase I was purified from calf brain according to the method described previously (Ghosh et al., 1988) . Briefly, the supernatant at 105000 g was subjected to ammonium sulphate precipitation (40-70 % saturation). The precipitates were then subjected to DE-52 and Sephadex G-200 column chromatographies. The enzymically active fractions were pooled and concentrated by a small DE-52 column (0.5 cm x 1 cm) as described previously (Ghosh et al., 1988; Rajpurohit et al., 1994) . The enzyme preparation transferred 90 pmol of methyl-group/min per mg of enzyme protein at 37°C under the assay condition (Rajpurohit et al., 1994) (Bradford, 1976 The incubation mixture was directly loaded onto an ssDNA cellulose column (1 cm x 5 cm) as described above. The column The gel was finally dried and exposed to a Kodak X-Omat diagnostic film at -70 'C.
Identmffcatlon of [methy/-3H]amino acid by h.p.l.c.
[Methyl-3H]protein Al was hydrolysed in 6 M HCl at 110°C for 24 h in vacuo. After removal of the acid by extensive washing, amino acids were analysed by h.p.l.c. (Waters Associates) on a strong cation-exchange amino acid analysis column (0.4 cm x 25 cm, Waters Associates) maintained at 59 'C, coupled with the post-column o-phthaldialdehyde derivative formation method (Rawal et al., 1992) . The elution was effected by isocratic elution with 0.4 M Na-citrate buffer (pH 5.09) at a flow rate of 0.5 ml/min over 160 min. Fractions of 0.5 ml/min were collected and counted for radioactivity in an LKB 1209 RACKBETA liquid scintillation counter. (Park et al., 1989) . Electrofocusing was carried out at 2-4 'C at 800 V for 22 h. Fractions of 1.2 ml were collected and pH and A280 as well as radioactivity were determined for each fraction.
Fluorescence studies Fluorescence and quenching measurements were carried out on a Perkin-Elmer LS-5 fluorescence spectrophotometer with an excitation wavelength of 285 nm with a slit-width of 3 nm and emission at 310 nm with a slit-width of 5 nm. The emission maxima was observed at 310 nm. Binding of MS2-RNA to protein Al was carried out at a protein concentration of 170 nM in 10 mM Tris/HCl (pH 7.5), 1 mM EDTA and increasing concentrations of MS2-RNA (based on the number of nucleotide bases) in a total volume of 2 ml. The non-cooperative binding association constants were calculated from double reciprocal plots as described (Spicer et al., 1979) . analysed by SDS/PAGE. As shown in Figure 1(c) , proteins from all fractions showed identical mobility at approximately 34 kDa, evidenced by both Coomassie-staining and fluorography. This confirmed that no molecular size alteration occurred during the reaction and that the differential elution profile is not due to a possible degradation of the protein Al, but rather to the sidechain arginine-methylation. Furthermore, u.v. absorption maxima of methylated and unmethylated protein Al were both at 278.5 nm, determined using a Beckman DU-7 spectrophotometer, suggesting that no significant conformational alteration A28 occurred near tyrosine residues (results not shown).
A closer look at the Coomassie-staining bands (Figure lc ) of the unmethylated (lanes 1 and 2; obtained in Figure la) and the methylated fractions (lanes 5 and 6; obtained in Figure lb) showed that while the lane 5 (pooled fractions 41-45) showed a distinct protein band, the comparable fraction of the unmethylated protein Al in lane 1 did not show any band, indicating a lag in the elution of unmethylated protein Al. Furthermore, in comparing the intensities of the Coomassie-staining and fluorography of the methylated fractions (lanes 6 and 7), it is quite obvious that the radiomethyl-incorporation was much stronger in lane 6 than in lane 7 whereas the Coomassie-staining of lane 7 was darker than that of the lane 6. This observation again confirms the above contention that the [methyl-3H]protein Al elutes from the ssDNA-cellulose column before the unmethylated protein. An attempt has been made to separate completely the methylated Al from the unmethylated by applying a shallower salt gradient during ssDNA-cellulose chromatography, however without success; neither has it been possible to separate protein Al containing only monomethyl-or dimethylarginine.
Based on the extent of [methyl-3H]group incorporation and the amounts of NG-methylarginine derivatives formed (Figure 2) , it was calculated to contain 1.45 mol methylarginine per mol of protein Al (see below). It is quite probable that the [methyl-3H]protein Al preparation herein is heterogeneous in respect to the kind of NG-methylarginine derivatives and the site(s) of methylation. Notwithstanding, since this methylated recombinant protein Al preparation, in vitro, contained 1.45 mol methylarginine derivatives in contrast to 3.1 mol of dimethylarginine per mol of protein Al isolated from HeLa cells (Kumar et al., 1986) , it was felt worthwhile to compare some of the physicochemical properties of this in vitro methylated protein Al with the totally unmethylated recombinant protein Al.
Identffication of methylated amino acid
The methylated amino acids in [methyl-3H] protein Al have been examined by h.p.l.c. analysis (Figure 2 ). The radioactivity is exclusively associated with NG-monomethylarginine (52 %) and NG,NG-dimethylarginine (asymmetric) (48 %). Neither the formation of NG,N'G-dimethylarginine (symmetric) nor any of the methylated lysine derivatives is seen, demonstrating the high degree of enzyme specificity. Based on the specific radioactivity of the [methyl-3H]group, 1.9 mol of methyl-groups were found to be taken up by one mol of protein Al. Since the [methyl-3H]protein Al contained both NG-monomethylarginine (52 %) and NG,NG-dimethylarginine (48 %) (Figure 2) (Williams et al., 1985; Rajpurohit et al., 1994) , and in the Cterminal domain (Rajpurohit et al., 1994) .
Change of pi value of protein Al by methylation
In order to discern possible charge alteration on protein Al structure resulting from the methylation, the pl values of unmethylated and enzymica' methylated protein Al were determined by isoelectrofocusing. Figure 3 indicates that the pl of the former was 9.48 and that of the latter 9. nucleotides) (Cobianchi et al., 1988) . This difference could be attributed to the preference of protein Al for the natural polynucleotides such as coliphage MS2-RNA which is known to have a greater affinity toward protein Al (Kumar et al., 1986) . Although the methylated protein Al tends to exhibit a decreased binding-capacity toward MS2-RNA than the unmethylated, the non-cooperative association constants between the unmethylated (5.75 x 106 M-1) and methylated protein Al (4.63 x 106 M-1) were not significantly different. The concentration of NaCl required to reverse 50 % of the binding of MS2-RNA to protein Al was examined and found to be 235 mM for the unmethylated and 200 mM for the methylated protein Al, respectively.
Change in trypsin sensitivity of protein Al by methylation and Its effect in the presence of nucleic acids Protein Al is a two-domain molecule which can be easily cleaved by limited tryptic digestion, resulting in the generation of the 24 kDa N-terminal and the 10 kDa C-terminal fragments (Kumar et al., 1990) . While the 24 kDa fragment is relatively stable, the 10 kDa fragment is extremely sensitive to trypsin and degrades further into smaller peptides. We have examined the relative rate of trypsin digestibility of methylated and unmethylated Al . As shown in Figure 5 , the methylated Al was completely digested in 5 min under the controlled conditions ( Figure Sa and b, both 5 min), while a small peak of undigested protein, 34 kDa, still remained after 10 min in the case of the unmethylated protein ( Figure 5a and b, both 10 min), suggesting that the unmethylated Al is relatively resistant toward trypsin. It has been reported earlier (Kumar et al., 1990; Rajpurohit et al., 1994 ) that trypsin cleaves Arg-196 of protein Al which is located two residues upstream of the methylated Arg-194 residue. Obviously, the trypsin cleavage site in both methylated and unmethylated protein Al is expected to be the same, residue 196, and is different from the methylation site at Arg-194 which is known to resist trypsin digestion (Brostoff and Eylar, 1971; Lischwe et al., 1985a; Kumar et al., 1990) . The differential trypsin sensitivity between the methylated and unmethylated protein Al was further studied in the presence of ssRNA or ssDNA. The protein to nucleic acid ratio (1: 12) was Either methylated or unmethylated protein Al (each 12.4 ,g) was digested with trypsin (trypsin:protein ratio, 1:2500) for 0 min, 2.5 min and 10 min at 22 OC as described in the Materials and methods section. The digestion mixtures were then subjected to PAGE (a) and the Coomassie Blue stained gel was quantified by densitometric tracing (b adopted from the work of Cobianchi et al. (1988) and Kumar et al. (1986) in which the maximum binding of protein Al to polynucleotides or ssDNA was achieved at that ratio. The results have been expressed as percent peak area of the undigested protein as a function of digestion period, determined by densitometric tracing of SDS/polyacrylamide gels ( Figure 6 ). Based on a semi-log plot using the values from the Figure, conditions used was calculated and is summarized in Table 1 . In the absence of nucleic acid, the tL was 1.63 min for the unmethylated protein Al (Figure 6a ), whereas it was 1.31 min for the methylated (Figure 6b ). In the presence of ssMS2-RNA, Connell et al. (1993) on the isolation of three RNA binding motifs. These motifs which had been bound to an L-arginine affinity column were eluted with arginine, but much less efficiently when NI-methylarginine was used. This finding is consistent with our present observation that the NG-methylarginine-containing protein Al interacted with ssRNA less tightly than with the unmethylated Al. The pl value of protein Al was shown to be lowered by 0.07 pH unit following its arginine-methylation (9.48 for unmethylated versus 9.41 for methylated; Figure 3 ). This decrease of pl by enzymic arginine-methylation appears to be quite contradictory to the reported values for free NG-methylated arginines [10.77 for dimethylarginine (asymmetric); 10.54 for methylarginine; and 10.02 for arginine (Paik et al., 1983) ]. This seemingly contradictory observation was also found in the cases of other posttranslationally methylated proteins. For example, the enzymic trimethylation of lysine residues of cytochrome c decreased its pl from 10.03 to 9.49 and that of calmodulin from 4.04 to 3.97 (Park et al., 1988 (Park et al., , 1989 . These unanticipated changes in pl values suggest that, in addition to a local effect, some overall conformational rearrangement of the protein structure occurred as a consequence of the side-chain modification .
One of the most notable findings in this paper is that the methylated protein Al was much more sensitive to mild trypsin digestion than the unmethylated (Table 1 and Figure 6) ; the ti values for unmethylated and methylated protein Al in the presence of MS2-RNA were 4.30 min and 2.41 min, respectively. This reaction cleaves protein Al at residue 196 to generate UP1 polypeptide (corresponding to the N-terminal domain of Al); the analogous reaction is known to occur in nuclei by a trypsinlike protease (Pandolfo et al., 1985) . The UPI isolated from the eukaryotic cells were shown to contain NG-methylarginine at residue 194 (Williams et al., 1985) , and the same arginine residue was also methylated when the recombinant unmethylated protein Al was methylated in vitro by protein methylase I (Rajpurohit et al., 1994) . Surprisingly, however, when the unmethylated Nterminal fragment (residues 1-196) was first prepared in vitro by trypsin and then subjected to enzymic methylation, the fragment was no longer a methyl-acceptor for protein methylase I (R. Rajpurohit, W. K. Paik and S. Kim, unpublished work) . In view of these observations, it is tempting to speculate that the enzymic methylation of Arg-194, which is located two residues downstream from the trypsin cleavage site, may serve as a modification signal to enhance the formation of UPI in vivo. It should be mentioned that UPI and its analogous proteins are widely distributed among eukaryotic cells Williams et al., 1985; Riva et al., 1986; Kumar et al., 1990) and UPI is a very effective activator for a DNA polymerase; while protein Al stimulated only 1.5-fold, UPI enhanced the polymerase activity 5.0-6.2-fold (Riva et al., 1986) . At this juncture, Riva et al. (1986) have suggested a possible alternative biological role of UPI in DNA synthesis other than its RNA binding property, and have pointed out that UPI may not be a mere degradation product of hnRNP protein Al. In addition to the above biological function, the enzymic arginine-methylation of protein Al might facilitate the importation of hnRNP protein into the nucleus. This is based on the following two considerations. First, over 900% of nuclear protein/histone protein methylase I was found to be present in the cytosol of rat liver (Rajpurohit et al., 1994) where the nascent protein Al polypeptide is synthesized, and, secondly, it has been demonstrated that the enzymic lysine-methylation of yeast cytochrome c enhances its importation into the mitochondria (Park et al., 1987) .
